Mixing block copolymers with phospholipids at the nanoscale: from hybrid polymer/lipid worm-like micelles to vesicles presenting lipid nano-domains T The literature on the subject is still relatively limited, 1-2 although the scientific output is increasing with growing interest from different scientific communities (biophysicists, biologists, physicochemists). Most of the knowledge obtained on their membrane structure and properties has been acquired through experiments made on Giant Hybrid Unilamellar Vesicles (GHUVs, whose characteristic size is a few tens of microns) which are commonly obtained by the electroformation technique, although alternative protocols have been also reported. [3] [4] Literature on nanometric Large Hybrid Unilamellar Vesicles (LHUVs, whose characteristic size is around 100nm) is scarce. [5] [6] [7] [8] [9] Most of the work available focuses on properties related to the nanostructure: permeability, 8 drug release, 6, 10 drug targeting and cellular recognition ability 7, 11 . LUHVs were reported by the co-assembly of phospholipids with block copolymers with a hydrophobic part based on poly(dimethylsiloxane) or poly(butadiene), formulated by processes based on film rehydration and extrusion (or sonication) 12 techniques to obtain well-defined ,LHUVs. Very recently poly(oligoethylene glycol acrylate)-bpoly(lauryl acrylate) (POEGA-PLA) block copolymers have been also investigated and interacted with biological cells. 12 However, detailed information about the hybrid character of the membrane and their structuration at the nanoscale are not available yet.
Globally, molecular factors governing the phase separation in these hybrid copolymer/lipid membranes are only partially understood. In addition to the expected chemical incompatibility between copolymer chains and phospholipids, one also has to consider their respective dimensions. Hydrophobic mismatch, in analogy to multicomponent lipid membranes, has been shown to play a role in the formation of stable domain in GHUVs. [13] [14] At the nanoscale, our group has recently provided evidence of phase separation inside the membrane of LHUVs. 15 Moreover, results obtained on LHUVs 15 and GHUVs 13 obtained from similar polymer/lipid mixtures suggest that the lateral structures obtained on GHUVs do not reflect entirely the lateral structures obtained from LHUVs (and vice versa). Therefore, many questions remain open regarding LHUVs: What type of membrane structure do they form? Are the phospholipids homogeneously dispersed in the polymer phase or do they form nanodomains? How to tune these features, and finally can we obtain LHUVs whatever the molar mass and structure of the block copolymer used, through the classical formulation processes described previously? We propose to tackle these key issues by working on the design of LHUVs composed of 1,2-di-palmitoyl-sn-glycero-3phosphocholine (DPPC) and a series of grafted and triblock copolymer based on polydimethylsiloxane (PDMS) and polyethyleneoxide (PEO) able to form polymersomes with a membrane thickness ranging from 5 nm to 12 nm. 15 Different information about nanostructures in terms of morphology, hybrid character and distribution of the components within the membrane were acquired through common techniques to study phase separation at the nanoscale in lipid LUVs, 16 17-20 such as Time Resolved Förster resonance energy transfer (TR-FRET), Cryo-Transmission Microscopy (Cryo-TEM) and Small Angle Neutron Scattering (SANS). The guidelines of the methodology and experimental procedures are described in the experimental section.
EXPERIMENTAL SECTION
Copolymers: in order to discriminate between the influence of copolymer architecture and molar mass respectively on the formation of hybrid vesicles and on their membrane structure, we used a grafted copolymer with a flexible poly-(dimethylsiloxane) backbone and two poly(ethylene oxide) pendant moieties (PDMS-g-(PEO)2) of Mn=2700 g/mol. This copolymer is well known to spontaneously form vesicles with a membrane thickness (~5 nm), close to the liposomes ones ( ~3−4 nm). We also used triblock copolymers PEO-b-PDMS-b-PEO synthesized by a block coupling approach, described in Supp. Info (S2.1). These copolymers are able to form polymersomes with a membrane thickness ranging from 5 to 12 nm as measured by SANS and Cryo-TEM (Table 1) .
Lipids: DPPC, (1, 2-dipalmitoyl-sn-glycero-3phosphocholine) was chosen in order to evaluate the influence of fluidity on the membrane structure, by working below and above its melting temperature (Tm~41°C). Fully double chain deuterated DPPC-d62 (1, 2-dipalmitoyl-d62-snglycero-3-phosphocholine) was used to prepare samples for SANS measurements. DOPE-Rhod(1,2dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)) was used as an acceptor probe for TR-FRET experiments. All lipids were obtained from Avanti Polar Lipids Inc. (Alabaster, AL, Canada). DPH (1,6-diphenyl-1,3,5hexatriene) used for fluorescence anisotropy measurement was purchased from Molecular Probes (Leiden, The Netherlands).
All the vesicles were prepared by the film rehydration-extrusion method, using 100 nm polycarbonate filters. In some cases, the emulsionevaporation method followed by extrusion was used instead (SI S2.2.2). Hybrid vesicles were investigated in a polymer composition range from 70% to 85% w/w and analyzed with a whole panel of complementary techniques: static light scattering (SLS), dynamic light scattering (DLS), small angle neutron scattering (SANS), fluorescence spectroscopy (TR-FRET) and Cryo-TEM.
Small Angle Neutron Scattering:
The SANS experiments were carried out at D11 small angle spectrometer at Institut Laue-Langevin (ILL), Grenoble, France. A small part of the experiments were carried out at PACE small angle spectrometer at Laboratoire Léon Brillouin (LLB) CEA, Saclay. France. Details about the methodology, measurements as well as data analysis are available in ESI (S2.4). In brief, we used the contrast variation technique (mixtures of D2O/H2O of 9/91 or 81/19) to detect selectively the signal of either the lipid or the polymer phase, or to observe both (pure D2O). For instance in lipid matching (polymer contrast), if vesicles were obtained with lipid homogenously dispersed in the polymer phase, data should be fitted by a simple vesicle form factor. On the contrary if lipid domains were present, they would appear as holes in the membrane in polymer contrast, and simple vesicle form factor should not fit the data. The SANS data analysis was done by trying different models to fit the scattered intensity curves of the samples. Various form factors were compared to data: vesicles, disks or core-shell cylinders, using the SasView program (http://www.sasview.org/). To describe the scattering of phase separated polymer/lipid vesicles (i.e. presence of lipid domains in the polymer membrane), we developed a new model based on the holey shell form factor introduced by Bergstrom et al. in their SANS study of catanionic vesicles with perforated membranes. 28 This model is detailed in the section called 'hybrid vesicle' Form Factor at the end of the article.
Fluorescence spectroscopy:
To probe phase separation the nanometer scale between the lipid and polymer phases, we used Forster resonance energy transfer (FRET) commonly used to detect and characterize lateral membrane domains presenting sizes smaller than 50-100 nm. Details of measurements and methods are available in ESI S.2.5. In brief, the (PDMS-g-(PEO)2) was chemically modified with (succinimidyl 6-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)hexanoate) (NBD), as previously described, 15 and used as a donor probe for FRET experiments whereas DOPE-Rhod (1,2dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)) was used as acceptor probe. The donor probe is expected to be mainly in the polymer phase and acceptor probe mainly in the lipid phase. Their exact repartition were determined through the measurement of partition coefficient determined spectroscopically through changes in fluorescence intensity. FRET efficiencies were calculated from NBD fluorescence lifetimes in the presence and in absence of acceptors. The values obtained were therefore compared to those predicted in the case of a homogenous distribution of the components (equivalent to domain sizes below 5-10nm) and infinite phase separation, equivalent to domain sizes larger than 25-50 nm (or 5-10 times R0, the Förster radius for this donor−acceptor pair, which is 5 nm). Values of the area per polymer chain in a vesicle estimated from SLS and Langmuir compression isotherm measurements (See Supp. Info. section S2.3 Table S2 and S2.7) and area per lipid from literature were used for the simulations of FRET efficiency.
Cryo-TEM:
Observations were performed on vitrified samples from solutions at room temperature or at 45°C. Details about the procedure are available in ESI, Section S2.6
The global methology was the following, first, the ability of the block copolymer synthesised to form vesicle was checked by scattering techniques. Therefore a qualitative analysis of SANS curve of polymer /lipid mixtures at different temperature was made to evaluate the hybrid character of the vesicles formed. Efficiency of mixing and membrane structuration were therefore evaluated by comparing the morphology predicted by SANS via fitting procedure and those predicted by FRET experiments. The CryoTEM was used to complte the analysis and confirm conclusion brought by FRET and SANS.
RESULTS AND DISCUSSION
In a first part of the work, the vesicle forming ability of the synthesized copolymers was checked by DLS, SLS, SANS, and Cryo-TEM. All the SANS curves of suspensions of pure compounds display the characteristic q -2 scaling law over a wide intermediate q wavevector range: they are well fitted with a polydisperse vesicle (spherical shell) form factor (see Fig S11) . The best fitting parameters are reported in Table 1 . All copolymers form vesicles with relatively high size dispersity. Despite this fact, the membrane thickness can be accurately determined from the fit: it varies from 5.5 nm to 11.7 nm and scales with molar mas as M 0.66 , in good agreement with published results obtained with PMOXA-b-PDMS-b-PMOXA copolymers (Figure S30 ). 21 These morphologies do not change when increasing the temperature from 20°C up to 47°C ( Table 1) . DPPC-d62 vesicles are also rather well defined: the values of membrane thickness are in good agreement with those determined by Nagle et al. by combination of SAXS with a volumetric (densitometry) study, 22-23 respectively 4.57 nm at 20°C for the bilayer of DPPC in the gel L  phase and 3.51 nm at 50°C in the fluid L  phase. A strong signature change upon main chain melting transition of lipids is observed ( Fig S13) .
General features of SANS curves of mixed systems
We evaluated the behavior of the mixed polymer/lipid structures below and above the main chain melting temperature of DPPC. Experiments were done in polymer contrast, full contrast and lipid contrast. Polymer and full contrasts give almost similar curves, slightly higher for full contrast due to moderate amount of DPPC-d62 and a scattering length density close to the one of D2O. Only polymer contrast data are presented in the main text of the article for clarity. As expected, the curves in lipid contrast are those which are the most affected by the change of the lipid state, (See Supp. Info Fig S13) while the effects on the curves in polymer contrast ( Figure 1 ) are less pronounced although clearly present. The structural changes observed in polymer contrast conditions are particularly interesting: they vary with the copolymer. Typical examples for each series of copolymers are shown in Figure 1 . For the grafted copolymer, PDMS26-g-(PEO12)2, the curves are changing in the intermediate q range, 10 -2 to 510 -2 Å -1 (see Fig 1-a) .
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Guinier plot Vesicle form factor For the smallest PDMS triblock, (Fig 1-a) , differences are visible at low q, in the Guinier regime of the determination of the radius of gyration, and in the intermediate q range where an oscillation is visible, up to about 510 -2 Å -1 as for the previous copolymer. For the triblock PEO12-b-PDMS43-b-PEO12 (Fig 1-b) , a modification of scattering profile is observed only in the intermediate oscillation q range. The case of the largest molar mass triblock PEO17b-PDMS67-b-PEO17 (Fig 1-b) , is peculiar as a q -1 decrease characteristic of an elongated scattering object is observed rather than a q -2 scaling law characteristic of vesicles. Moreover, the evolution with temperature is almost negligible. It is important to note that the structural changes observed are completely reversible as the scattering curves at 25°C obtained before and after experiments at 47°C are completely superimposed whatever the contrast chosen, (Supp. Info Figure S17) ). In polymer contrast, the two phenomena, i.e. change upon temperature of scattering curves and reversibility, are very important. Indeed, since the polymer is not sensitive to temperature, the alterations prove that polymers and lipids are somehow mixed within the vesicular structures, and the reversibility confirms that the structures formed are stable enough to follow the local changes induced by the main chain melting transition of the lipid phase with temperature.
Hybrid

PEO17-b-PDMS67-b-PEO17/DPPC nanostructures
We first focus on the copolymer presenting a q -1 dependence of the scattering intensity. Interestingly data in polymer contrast could be fitted with a core shell cylinder model, with polymers forming the core of long cylinders with a core radius around 7-8 nm influenced neither by temperature nor by lipid fraction. Fit parameters are indicated in Table 2 . In lipid contrast, ( Figure S18 ) we observe at high q a clear and well pronounced bump that does not arise from the scattering of the vesicle membrane but rather from a well-defined shell of core shell cylindrical scattering objects. However, at low q, the scattering intensity especially for the lipid weight fractions ( ) displays the oscillation characteristic of vesicles radii. These observations indicate clearly that a part of the lipid phase is mixed somehow with the copolymer in cylindrically shaped objects, whereas another part forms vesicles probably of pure lipid. At large q, the data could be reasonably fitted with a core-shell cylinder model and the corresponding best fit parameters are reported in Table 2 . In all these mixtures, the shell thickness is 2nm, about half of the membrane of pure lipid vesicles. Interesting-ly, there is a reasonable agreement between core radii found in polymer and lipid contrasts. From these fits, it seems that a large part of the nanostructure formed presents a core-shell cylindrical shape, with lipids forming the shell around the polymer core. Such transverse phase separation in a vesicle bilayer driven by different spontaneous curvatures was predicted long time ago for a binary mixture of membrane forming molecules. 24 However, it is rather counterintuitive here that the shortest chains (those of the lipids) form the outer shell, while the copolymer forms the inner core of the cylinder.
Considering the complexity of these mixtures and the presence of pure vesicles not accounted in the fits, it is not possible to discuss the variations of the other parameters observed as a function of the lipid fraction or temperature. We have also fitted the data in lipid contrast with a sum of two form factors (vesicle + core shell cylinder) as described in Supp. Info S.2.4, Fig S20, Table S7 , which led to similar conclusions. Cryo-TEM experiments indeed reveal the presence of multiple morphologies (statistics can be consulted in supporting information, Figures S34-S37 ). This technique has already been used to observe hybrid vesicles composed of PDMS-b-PMOXA, DMPC and cholesterol, and rounded vesicles of different membrane thicknesses were ob-served but no lipid domains could be evidenced. 5 In our case, faceted vesicles with a relatively thin membrane (~6 nm) similar to those measured for pure DPPC vesicles are observed, as well as polymersomes with thick membrane (~12 nm). Worm-like micelles are also observed and represent ~50% of the population. Some of these wormlike micelles present a 'pan-like' shape, which corresponds to a worm-like micelle ending with a rounded disk. Very interestingly, the Cryo-TEM signature of a flat DPPC lipid domain in a thick polymersome membrane is visible as illustrated in the inset of Figure 2 . PDMS and Phosphorous electronic contrast are similar, therefore detecting lipid phase is extremely difficult. Although some vesicles could have hybrid character non visible by Cryo-TEM, considering the amount of hybrid wormlike micelles and faceted DPPC vesicles, the number of LHUVs obtained with this high membrane thickness copolymer (~11-12 nm) is probably limited. Wormlike micelles have been also observed very recently for mixtures composed of POPC and diblock copolymer poly(butadiene-bethylene oxide) (PBd22-b-PEO 14) at 29% w/w lipid in hybrid vesicles, using classical rehydration /extrusion technique. 25
Hybrid PEO12-b-PDMS43-b-PEO12 nanostructures
We considered a mixture of DPPC with the copolymer forming vesicle with slightly lower membrane thickness (~8 nm), PEO12-b-PDMS43-b-PEO12. In that case, a q -2 dependence, classically observed in vesicular structure is obtained for both polymer and lipid contrast samples. We then tried to get more insight into the structure obtained, using different form factors to fit the data.
In polymer contrast, we tried in particular the novel 'hybrid vesicle' model presented in the last section before the conclusions, in which lipid domains in the polymer membrane are matched, and therefore accounted as holes.
Fit works reasonably well but the parameters obtained were not physically realistic: hole size close to 1 nm with huge size dispersity (data not shown). Better results were obtained using a simple vesicle model as illustrated in Fig 3. Other fits and corresponding parameters can be consulted in supporting information. (Table S6 Figure S15 ). The faceted vesicle with two white stars represents a typical pure DPPC vesicle with the thickness of 6.2 nm. The vesicle with 3 white stars is a hybrid vesicle. In the inset, the enlargement of a hybrid vesicle is shown. The white arrow points to the thinner membrane corresponding to the lipid membrane and the black arrow points to thicker membrane corresponding to the polymer membrane. Scale bar length is 100 nm in the main image and 40 nm in the enlargement.
Globally the vesicle radius obtained by the fit is rather low with important size dispersity. It is interesting to note that taking into account this dispersity, a weight-average radius Rw, can be obtained from the radius of the fit R0 and the dispersion width ( ), in excellent agreement with the radius of gyration Rg obtained via Guinier plot. Values of membrane thickness are however well defined with a rather low dispersity. A slight thinning of the membrane is observed when temperature increases, and also when lipid fraction increases, revealing that lipids are mixed to some extent with the copolymers inside the membrane. Regarding the scattering curves in lipid contrast, good fits are also obtained with the vesicle form factor, ( Figure S16 ) with similar vesicle radius presenting high dispersity but again with well-defined membrane thicknesses (~4 nm), which decreases slightly with temperature in agreement with what is expected for DPPC membranes. [22] [23] Although the polymer and lipid may not be totally mixed, it seems from the SANS re-sults that there is no clear phase separation inside the membrane and that existing hybrid vesicles present a homogenous distribution of their components. To get more information regarding lateral organization of lipid and copolymer, Time Resolved Förster Energy Transfer experiments were performed. FRET efficiencies versus the molar % of acceptor were measured on vesicle suspensions and compared to predicted FRET values following experimental methodology and theoretical formalism described in ESI (section S 2.5) and in our previous study. 15 The detection of FRET phenomenon between donor-labeled copolymer and acceptor-labeled lipid, confirms the presence of hybrid vesicles. (No energy transfer would occur in a mixture of pure polymersomes and liposomes). However, the recovered FRET values are below the theoretically determined values for the case of a homogeneous distribution of copolymers and DPPC for 21% and 15% lipid (Figure 4 and S22 respectively).
In fact, FRET efficiencies fall within the infinite phase separation FRET limit for both compositions studied. This strongly suggests a significant heterogeneity in copolymer and lipid mixing. This drop in FRET efficiencies can only be rationalized by phase separation into structures of at least 25-50 nm size. Since SANS measurements did not detect domains within these dimensions, the measured FRET efficiencies must reflect the formation of pure liposomes along with hybrid vesicles, which results in a decrease of lipid acceptors in hybrid vesicles. Cryo-TEM experiments performed on PEO12-b-PDMS43-b-PEO12 /DPPC (79/21 w/w%) reveal the presence of different types of vesicles : 25% are faceted and typical of pure DPPC vesicle, 65% are rounded vesicle, a few percentage is multilamellar or with a morphology in between rounded and faceted vesicle (R/F), with "smooth" angle. Faceted vesicles illustrate the presence of pure DPPC vesicles, and therefore uncomplete mixing of the components. Observations on a suspension frozen from 46°C revealed a strong increase of R/F population accompanied by a strong decrease of faceted vesicles due to the typical behavior of pure DPPC becoming fluid at 46°C. Complete statistics can be consulted in Supp. Info Fig S 38-S41 . The strong increase at 46°C of the fraction of R/F vesicles (ca. 37%), which are morphologies observed classically neither for pure polymersomes nor pure DPPC vesicle, is interpreted as a convincing sign of the presence of hybrid polymersome-lipid vesicles. Additional signs of the presence of hybrid vesicles can be detected. Indeed the average membrane thickness distribution is shifted to slightly lower values compared to pure polymersomes (7.31 instead of 8.80.5 nm). At 46°C, another popula-tion appears at 5-6 nm ( Fig S40) a membrane thickness typically observed for pure DPPC vesicles at such temperature by cryo-TEM. This may result from the simple decrease of membrane thickness of DPPC vesicles expected when temperature increases, making them more visible compared to the polymer membrane thickness (~8 nm), or an eventual fission of pure DPPC membranes from hybrid vesicles. Again, it was possible to observe the cryo-TEM signature of a lipid domain in the surrounding polymer-rich membrane as illustrated in Figure 5 . It is worth noticing that mixing DPPC with PEO12-b-PDMS43-b-PEO12 which is a copolymer forming vesicle with a membrane thickness around 8-9 nm, results in a completely different behavior compared to PEO17-b-PDMS67-b-PEO17/DPPC mixtures. In the case of PEO12-b-PDMS43-b-PEO12/DPPC mixtures, no worm-like hybrid nanostructures were obtained. Instead, copolymer chains and lipids self-assemble to form to some extent hybrid vesicles, whose exact membrane characteristics (presence of domains, size and number) cannot be quantified at this stage due to sample heterogeneity (coexistence of liposomes and hybrid vesicles with different lipid content). This reduces the potential of SANS and FRET analysis to recover quantitative information. We have therefore extended our investigations to block co-polymer PEO8-b-PDMS22-b-PEO8, which form vesicles with membrane thickness close to those of liposomes (~5 nm).
Hybrid PEO8-b-PDMS22-b-PEO8 nanostructures
The new model of hybrid vesicles described at the end of the article was used to describe the PEO8-b-PDMS22-b-PEO8/DPPC-d62 mixtures: the scattering curves obtained in polymer contrast were well fitted with a hybrid vesicle form factor. A typical fit is illustrated on Figure 6 , and other fits can be consulted in supporting info. (Fig S22) . Best fits parameters are reported in Table 3 . In lipid contrast, the scattering curves can be reasonably fitted with a vesicle form factor, (Fig S 23 ) and the corresponding fit parameters are indicated in Table 3 . Again, vesicle radii are rather low with high dispersity, but as previously mentioned in good agreement with the radii of gyration obtained by a Guinier plot, when taking into account size dispersity ( v ). Lipid membrane thickness is however determined with a better precision (0.1~0.2) and seems lower compared to values obtained for pure lipid vesicles (4.3/3.1nm at 25°C/47°C) (See Table S8 ). This could be a sign of better dispersion of lipids in polymer membranes and a lower number of pure liposomes compared to the PEO12-b-PDMS43-b-PEO12 /DPPC mixtures.
Cryo-TEM images again reveal three different morphologies: rounded, rounded and faceted (R/F), and faceted vesicles, which represent respectively ~21%, 23% and 56% of the population. Rounded vesicles are likely typical of polymersomes either pure or in which a low amount of DPPC is dispersed, while faceted vesicles are typical of DPPC-rich vesicles. Complete statistics can be consulted in supporting information ( Fig S42-S45) . Regarding membrane thickness, at 20°C it seems that two populations appear ( Fig S44) . One is centered between 5 and 5.5 nm, which corresponds to the membrane thickness of pure PEO8-b-PDMS22-b-PEO8 vesicles. Another one is between 7 and 7.5 nm, closer to the 6.2±0.4 nm apparent thickness observed for pure DPPC vesicles by Cryo-TEM (See Supp. Info of Dao et al. 15 and Table 1 ). However, increasing temperature results into a decrease of the faceted vesicle population but also of the R/F vesicle fraction, accompanied by an increase of the population of rounded vesicles. Interestingly, the membrane thickness values of the population of vesicles seem to get more uniform around a similar average value, with a strong decrease of the population of vesicles with membrane thickness between 5 and 5.5nm. As the membrane thickness of pure polymersomes does not change with temperature, this is again a good indication of the presence of hybrid vesicles. Additional aid from the fluorescence spectroscopy can bring more evidences on the hybrid nature of the membranes. The determined non-zero values of FRET efficiency again confirm the presence of hybrid vesicles to a given extent. The values are still in the infinite phase separation limit for 21% and 15% lipid (Figure 8 and S23 respectively). Therefore, considering SANS, Cryo-TEM and FRET, it seems reasonable to conclude that as for the previous copolymer PEO12-b-PDMS43-b-PEO12, a significant part of the lipid is dispersed in the polymer phase, leading to the formation of hybrid vesicles. On the other hand, as observed for PEO12b-PDMS43-b-PEO12, pure liposomes are also formed, and therefore lead to a global decrease of the FRET efficiency. It is however difficult to estimate the relative amount of hybrid vesicles in the PEO12-b-PDMS43-b-PEO12/DPPC and PEO8-b-PDMS22-b-PEO8/DPPC mixtures. However, in the case of PEO8-b-PDMS22-b-PEO8, the homogenization of membrane thickness with temperature and the good quality of the fit obtained using the 'hybrid vesicle' form factor in polymer contrast to fit the SANS data, suggest that pure liposomes and polymersomes are less numerous, as ascribed from a lower hydrophobic mismatch than with the larger molar mass triblock copolymer. 
Hybrid PDMS26-g-(PEO12)2 nanostructures
As the use of the triblock copolymer based on PDMS presenting membrane thickness of 5 nm close to those of liposomes did not lead to the formation of a large majority of LHUVs with DPPC, we extended our studies to the association of a grafted copolymer, PDMS26-g-(PEO12)2 with DPPC. This is a system that we have previously studied and for which a phase separation inside the membrane has been shown especially with the use of a basic flat disk form factor to fit the SANS data in different matching conditions. 13 This system is particularly interesting as it allows the evaluation of an architecture effect (graft vs. triblock), the membrane thickness and chemical nature of the block being identical to PEO8-b-PDMS22-b-PEO8. Two lipid fractions fd were studied, 15% and 21% w/w. In this system, the whole vesicular structures are very polydisperse and almost no oscillation is visible on the SANS curves, unlike what was observed with PEO8-b-PDMS22-b-PEO8 /DPPC mixtures. In polymer contrast, since changes upon temperature variation were observed in the same intermediate q range as for the previous triblock copolymer, the scattered intensity was also fitted with the 'hybrid vesicle' model described in the last section of the article. Typical fits are shown in Figure 6 and the best fit parameters reported in Table 3 .
Despite the high polydispersity, the curves could be reasonably fitted with the 'hybrid vesicle' form factor. Although the values obtained for the radius of the vesicles are meaningless, the fit accounted well any variation in the scattering curves upon temperature changes. On average, whatever the temperature or lipid fraction, we find about 4-6 disks of 6-14 nm diameter, very polydisperse in size. This suggests the formation of small domains of lipid in the polymer membrane. Interestingly, in lipid contrast, as for the previous triblock copolymer, data cannot be fitted with the simple vesicle ('spherical shell') form factor model, suggesting again that lipids are not simply homogenously distributed within the polymer membrane.
To get more insight into these PDMS26-g-(PEO12)2/DPPC nanostructures, FRET measurements were also performed and compared to the prediction of homogenous distribution of donor and acceptor probes within the membranes. In this case, experimental points fall in the range predicted for domains size below or close to the Förster radius of the donor-acceptor FRET pair considered here (5 nm). Additionally, their presence with dimensions suggested by SANS would remain undetected by the FRET measurements. In this way, although a comparison of recovered domain sizes is not possible between FRET and SANS analyses due to the limitations in interpreting FRET efficiencies, the presence of nanoscale lipid domains in hybrid PDMS26g-(PEO12)2/DPPC vesicles with dimensions suggested from SANS results (6-14 nm) is fully in line with the results obtained by FRET measurements. In such systems, the association of the copolymer and lipid molecules within the same membrane is more efficient and the number of pure polymersomes and liposomes which inevitably perturb the SANS analysis and decreases the FRET efficiency, is lower (although still present, as illustrated by Cryo-TEM ( Fig S46-S50) ) than for the previously considered copolymers, rendering the "hybrid vesicle" form factor more pertinent to get information about the membrane structure of these hybrid vesicles.
CONCLUSIONS
The film rehydration and extrusion technique for the production of hybrid polymer/lipid large unilamellar hybrid vesicles (LHUVs) appears as a non-ideal procedure, although commonly used in the literature. 5-7, 9, 26 Marrying of a single membrane triblock or diblock copolymer having high molar mass with phospholipids has already been achieved for GHUVs, although it has been reported that some mixtures did not give any vesicles 14 or led to the budding or eventual fission into separated liposomes and polymersomes. 27 In the case of LHUVs, the association seems driven by more subtle features. It is believed that a high line tension resulting from the high differences in membrane thickness would lead to formation of separated liposomes and polymersomes, but other hybrid structures can be formed as illustrated by coreshell tubular (worm-like) or 'pan-like' micelles obtained with PEO17-b-PDMS67-b-PEO17/DPPC mixtures. Decreasing the molar mass of triblock copolymer results into the disappearance of these hybrid 'worm-like' or 'pan-like' micelles and to the formation, at least to some extent, of hybrid vesicles. Their membrane structure cannot be characterized precisely because of the additional pres-ence of pure liposomes and polymersomes. This heterogeneity seems to decrease when the molar mass of copolymer further decreases, leading to the formation of a more homogeneous vesicle population with membrane thicknesses close to that of liposomes (~5 nm) however the values obtained with 'hybrid vesicle' form factor in the case of PEO8-b-PDMS22-b-PEO8 /DPPC mixtures in term of number and size of lipid domains in a vesicle should not be considered as precise values, as the scattering coming from hybrid vesicles is somewhat screened by scattering of pure polymersomes. Interestingly, changing the copolymer architecture from triblock to grafted while maintaining the chemical nature, molar mass and membrane thickness unchanged, leads to a considerably more efficient mixing of the lipid and polymer molecules into the same membrane, generating hybrid vesicles presenting only a few lipid nanodomains of several nanometers (3~7 nm radius). This indicates that line tension at the lipid/polymer boundaries can be modulated to some extend through the architecture of the copolymer, in addition to the molar mass and chemical nature of the block. Although it is premature to generalize our results to all kinds of copolymer/lipid assemblies, it is important to realize that association of copolymers and lipids that could be obtained on giant unilamellar hybrid vesicles (GHUVs) does not systematically reflect what happens at the nanoscale. In the case of LHUVs, higher curvature energy may add to the hydrophobic mismatch and chemical incompatibility between lipid tails and hydrophobic copolymer blocks. Therefore, a great attention has to be paid on the characterization of such structures before going further in the evaluation of their physical (e.g. membrane permeability, drug release, phase behavior) or biofunctional properties (e.g. protein insertion, biorecognition) properties. Techniques available in-lab such as Dynamic Light Scattering and Cryo-TEM commonly used to characterize classical LUVs may be insufficient to confirm the hybrid character of the vesicles. In addition, counting techniques such as Flow cytometry suffer from a lack of sensitivity at such vesicle size (100 nm). Beyond the issue of solving properly the hybrid character and membrane structure of such assemblies, it appears essential to think about other methods to marry block copolymers with high molecular weight and phospholipids into LHUVs in an efficient way, by playing either on molecular aspects (e.g. cholesterol addition 5 ) or by introducing new formulation processes.
ANNEX: 'Hybrid vesicle' form Factor
While various form factors of core-shell particles, multiple layers or single layer vesicles have been reviewed 28 and corresponding fitting routines available (SasView, http://www.sasview.org/), none of these scattering functions are suitable for (polymer) vesicles with (lipid) patches. Nonetheless, a model of scattering by lipid vesicles with lateral heterogeneities in the membrane has been recently developed by using Monte Carlo modeling with a modified coarse-graining method 29 . This structural model approach is very powerful since it provides important qualitative information about lipid mixing. However, it is computationally expensive and time limiting since it does not lead to an analytical form factor for multi-domain vesicles. Therefore, in order to overcome this lack of analytical expressions, the same group utilized a spherical harmonic expansion of the vesicle form factor to obtain an analytical solution for the scattering from vesicles containing a single round domain 30 . Very recently, they extended their model with a general theory for scattering from laterally heterogeneous vesicles of arbitrary size and spatial configuration 31 . They obtained analytical expressions of the form factor and scattering intensity that they compared to corresponding Monte-Carlo calculations. While this approach is very promising, these expressions are not enough simplified, and together with problems of sizes distributions and fitting routines methods to implement, it was not feasible to use them to fit our SANS data. Instead, we have developed a more simple approach to try to describe the scattering of hybrid vesicles of polymers with lipid domains, using only classical expressions of scattering amplitudes and form factors that can be easily processed with proven fitting methods. We derived a model recently proposed by Bergström et al. 32 to describe mixtures of surfactants bilayers with salt creating holes inside the bilayers. In this simplified model of perforated vesicles, several assumptions were made: i) the vesicles were considered as infinitely thin circular shells with radius R, of form factor: Eq A 1 the holes being considered as symmetrical disks with radius and amplitude:
where is the Bessel function of the first order.
The form factor of perforated bilayer vesicles was obtained by subtracting the contribution from the holes to the one of a bilayer vesicle with an appropriate weighting of the areas (equivalent to volume for infinitely thin vesicles), i.e.:
Eq. A 3
where is the area per hole, the number of holes and the area of the infinitely thin bilayer vesicle.
Hybrid vesicles are slightly different from perforated vesicles since the holes filled with solvent in the vesicles are replaced by disk-like domains filled with lipids. In addition, we also wished to account for the different thicknesses of the polymer and of the lipid membranes. So, we considered a model of hybrid vesicles composed of a bilayer polymer vesicle with bilayer 'disks' of lipids as shown on Figure 10 : a vesicle with inner radius and thickness , containing disks of us and membrane thickness . In order to account for the respective disk/vesicle thicknesses, we introduced the scattering amplitude of a bilayer cross-section 32 given by:
where is half the bilayer thickness ( , and in our case, of either the polymer or of the lipid membrane.
The analytical expression of the form factor employed is indicated in Eq. A5, where are the neutron scattering length densities of the vesicle (polymer), of disks (lipid) and of the solvent. , and correspond respectively to the membrane thickness of polymer vesicle and of the lipid disks.
is the scattering amplitude of an infinitely thin circular shell with radius . is the scattering amplitude of symmetrical circles with radius (Eq. A2) (respectively ) is the scattering amplitude of a bilayer cross-section of thickness .
is the volume of one disk geometrically approximated by , and is the volume of a vesicle membrane geometrically approximated by .
As in Bergström et al. 32 we subtracted the scattering amplitude of disks of thickness , but in order to account for the scattering of full disks instead of holes, we have added a contribution of disks of thickness , with their own scattering length density . For all these contributions, the thicknesses have been taken into account according to Eq. A4. Moreover, the scattering amplitudes of the different contributions were weighted by the corresponding volumes, instead of the areas in the work of Bergström et al. 32 As a result, the 'hybrid vesicle' model has several parameters:
and possibly a (Lognormal) distribution for each of these parameters, as well as the number of disks . The scattering length densities can also be different from the ones of the pure compounds if we assume that a phase separation between lipids and polymers occurs within the vesicle membrane. Finally, for polydisperse hybrid vesicles, this model has 11 fit parameters. Considering our data, up to a q value about 0.12 Å -1 where the scattering generally reaches the incoherent background, the number of data points N 150. Therefore, in order to reasonably describe the main tendencies governing the phase separation occurring in our systems, we reduced the number of fit parameters by using the following assumptions: the scattering length densities are those of pure compounds, the bilayer thickness of polymers and of lipids ( are fixed to the values measured for the pure compound vesicles. No size distribution is used for these two parameters since the fitted distributions obtained on pure compounds are weak (0.12-0.18 assuming a log-normal distribution) and accounting for the q resolution of SANS experiments, they will affect the scattering curves at very large q values, not very informative here.
Thus 5 parameters only allow us to describe the phase separation occurring in the hybrid vesicles: those are . Data fitting was performed by writing a Matlab  function according to Eq A5. and using Matlab  methods for nonlinear least square curve-fit. Throughout all the fits with Matlab  and SasView programs, corrections were made for instrumental smearing. [33] [34] Eq. A5
